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ABSTRACT. The amount of the sediment deposition
in the Yichan–Wuhan reach of the middle Yangtze
River (also known as Changjiang River) has been
determined using the concept of sediment budget
at the channel-reach scale. The fill–scour processes
of the middle Yangtze River were studied during the
period 1956–1997 in response to the variation in
sediment load and flow inputs. The results show
that 13.3% of the net input of sediment was depos-
ited in the studied river reach. Since 1956, the out-
put sediment load of the studied reach increased
with time to 1981, followed by a decline. The in-
crease in output before 1981 can be related to the
man-made bend neck-cutoff which caused a de-
crease in the sediment load diverted through the
‘three outfalls’ (i.e. the three distributaries from the
Yangtze main stem to the Dongting Lake) and in-
creased the sediment-carrying capacity of the river.
Thereby, the river could transport more sediment to
the outlet of the studied river reach. The decrease in
the sediment load output after 1984 was directly
due to the decreased sediment load at Yichang sta-
tion. Multiple regression equations have been es-
tablished to assess the contributions of influencing
factors to the variation in sediment deposition
amount in the studied river reach.
Key words: sediment deposition, channel sediment budget, scour-
fill behaviour, environmental change, Yangtze River
Introduction
The Yangtze River is a large river for both China
and the world; its hydrological and geomorpholog-
ical processes are of concern to scientists both in
China and worldwide, and have been the objective
of much research (e.g. Shen 1965; Institute of Geo-
graphy, Chinese Academy of Sciences and Yangtze
River Institute of Water Conservancy and Hydro-
power Research 1985). In the past 30 years, owing
to the inﬂuence of climate change and human ac-
tivities, the sediment load and water discharge of
the Yangtze River and its tributaries have changed
(Beardsley et al. 1985; Xu 2000; Yin and Li 2001;
X.Q. Chen et al. 2001; Z.Y. Chen et al. 2001; Zhang
and Wen 2002; Yang et al. 2002). The construction
of Three Gorges Dam will change the temporal and
spatial distribution of sediment load and river ﬂow
to a great extent and thus alter the sediment and wa-
ter inputs to the middle and lower reaches of the
Yangtze River below Yichang. The middle and low-
er Yangtze is basically an alluvial river, being
formed in alluvium carried by the river and depos-
ited in the past, apart from some local bank controls
such as bedrock hills. Hence, when the sediment
and ﬂow inputs are changed, the river will adjust it-
self through scour and ﬁll to a re-established equi-
librium. Some researchers have studied the scour
and ﬁll behaviours of the middle and lower Yangtze
River. Li and coworkers (Li and Ni 1998; Li et al.
2000b) studied the inﬂuence of sediment transport
and ﬂood protection on sediment deposition, and
the relationship between sediment deposition and
water regulation by the Dongting Lake (Li et al.
2000a). Lu (1996) studied the variation in ﬂow and
sediment load diverted by the outfalls. Xiong
(1996) studied the channel changes of the lower
Jingjiang River, a local name for the Ouchi–Chen-
glingji reach of the Yangtze River. However, sufﬁ-
cient attention has not yet been paid to the river’s
process of scour–ﬁll in response to the sediment
and ﬂow input and output.
Much research has been done in the ﬁeld of river
sedimentation and channel adjustment (e.g. Cole-
man 1969; Hooke 1995; Xu 1997, 2002a, b; Bene-
detti 2003). Erosion, transport and deposition of
sediment are basic geomorphic processes in a ﬂu-
vial system (Schumm 1977). They can be linked by
the concept of sediment budget at basin scales (Di-
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a)
Fig.1a. The Yangtze River basin
(after Wang et al. 2005). b. The
Yichang-Wuhan river reach of the
Yangtze River basin
b)
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etrich and Dunne 1978; Trimble 1981), i.e. sedi-
ment yield of a ﬂuvial system equals the sum of ero-
sion minus the sum of sediment deposition into
storage within the drainage basin. Sediment trans-
port may be divided into two parts: the sediment
transport on hillslopes and that in channels. Thus,
the concept of sediment budget can be applied to
hillslopes and the river channel separately. Using
the concept of sediment budget on channel scales,
the quantities of scour and ﬁll for a given channel
reach can be determined. This opens a way to ob-
tain data for a study of river response to environ-
mental changes because the amount of sediment
deposition at river-reach scales can be calculated
using data of sediment loads collected from hydro-
metric stations controlling the ﬂow and sediment
input and output of the given river reach. It is usu-
ally expensive and time-consuming to collect data
of sediment deposition along a large river like the
Yangtze by high-resolution channel cross-section
survey.
Applying the channel sediment budget approach,
sediment delivery processes of the Yellow River
have been studied by Xu (2003). In the present
study, this approach will be further applied to the
Yangtze River, to elucidate its scour–ﬁll behaviour
in response to the sediment and ﬂow inputs.
Outlines of the studied river reach, data source 
and method
Yichang, above which the drainage area of the
Yangtze River is 100.5 million km2, is the dividing
point between the upper and middle reaches of the
Yangtze River (Fig. 1a) and controls the river ﬂow
and sediment load from the upper to the middle
Yangtze River. The mean annual water discharge is
13 883 m3/s at Yichang station, and suspended sed-
iment load is 500.94 million tonnes. Below
Yichang, the river leaves mountainous areas and
enters a vast alluvial plain known as the Middle and
Lower Yangtze River Plain. The Yichang–Wuhan
reach may be divided into four subreaches accord-
ing to channel morphology (Fig. 1b). (1) The sub-
reach from Yichang to Zhijiang is a single channel,
locally conﬁned by terraces and bedrock hills. In
this subreach, the transition from a gravel bed to a
sand bed occurs. (2) The subreach from Zhijiang to
Ouchi, known as upper Jingjiang, is 168 km in
length, and is a meandering channel, with some al-
luvial islands appearing occasionally. (3) The sub-
reach from Ouchi to Chenglingji, known as lower
Jingjing, is 170 km in length, and is a typical me-
andering channel. Natural bend neck-cutoffs have
occurred frequently. (4) The subreach from Chen-
glingji to Wuhan has and ‘island’ channel pattern,
i.e. some stable mid-channel alluvial islands are
well developed; their surface height is roughly the
same as the ﬂoodplain, and they divide the channel
to form a multithread one.
The Lower Jingjiang is the characterized by the
frequent occurrence of natural bend neck-cutoffs in
the past. In 1967 and 1969, two man-made bend
neck-cutoffs were created, at Zhongzhouzi and
Shangchewan, to improve the navigation channel
(Fig. 2a). In 1972, a natural cutoff occurred at Sha-
tanzi. Due to these three cutoffs, the length of the
river was reduced by 78 km, and the channel sinu-
osity of the lower Jingjiang decreased from 3.0 to
2.0. These cutoffs signiﬁcantly increased the local
channel slope, and therefore enhanced the river’s
sediment-carrying capacity, resulting in degrada-
tion below the point of cutoff. The lowering of bed
due to scour may cause backward erosion upstream
from the cutoff point, also resulting in bed degrada-
tion. The increased sediment load due to upstream
degradation may cause sediment deposition down-
stream from the scoured reach. Thus, the occurrence
of cutoffs induced strong channel adjustment,
which may have had some inﬂuence on the channel
sediment budget in the Yichang–Wuhan reach.
Due to the coupling between the Yangtze River
and Dongting Lake (Fig. 2a), the channel sediment
budget of the Yichang–Wuhan reach is complicat-
ed. Between the mainstem of the upper and lower
Jingjiang reaches and the Dongting Lake, a channel
network of distributaries developed in the past, and
thus the mainstem of Jingjiang, the distributary
channels and Dongting Lake constitute a coupled
system, known as the ‘river–lake coupled system’.
This system has a great inﬂuence on the channel
sediment budget. Part of the sediment load from the
upper Yangtze River is diverted through the distrib-
utaries to Dongting Lake and deposited there, sig-
niﬁcantly reducing the sediment load of the main-
stem downstream.
High artiﬁcial levees have been built along both
banks of the Jingjiang River, for ﬂood protection. To
release the ﬂood of the mainstem to the distri-
butaries in case an abnormal ﬂood occurs, some
‘gaps’ were left on the levee. In the past, there were
many such ‘gaps’, but by 1954 only four remained;
these are known as the ‘four outfalls’, Songzhi,
Taiping, Ouchi and Tiaoxian. In 1959, a sluice gate
was built at Tiaoxian, and in 1970 the sluice gate
was closed, since then there have been only three
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outfalls. There is a waterway linking Dongting Lake
and the Yangtze River. The water of the lake, includ-
ing the water from the rivers emptying to the lake
and from the three outfalls, may ﬂow to the Yangtze
River mainstem through this waterway which is
gauged at Chenglingji hydrometric station.
The Hanjiang River, a major tributary of the
Yangtze River, joins the mainstem near Hankou
(Fig. 1). The ﬂow and sediment load of the Hanjiang
to the Yangtze mainstem is measured at Xiantao sta-
tion. As long-term data are not available at Xiantao
station, the ﬂow and sediment loads measured at
Huangzhuang station are used to represent the loads
to the Yangtze mainstem. Hankou station is just in
Wuhan on the Yangtze and is the end of the Yichang–
Wuhan reach; the ﬂow and sediment loads measured
at this station are the outputs of ﬂow and sediment
load of the studied reach. Another tributary, the
Qingjiang River, joins the mainstem above Zhijiang,
but the ﬂow and sediment load from the Qingjiang
River to the Yangtze River account for only 1.7%
and 0.4%, respectively, of the loads of the Yangtze
measured at Yichang station (Li and Ni 1998), and
thus they are not taken into account. The sediment
input and output for the Yichang–Wuhan reach are
generalized as shown in Fig. 2b.
a)
Fig. 2a. Coupling between the Yangtze River and the Dongting Lake (after Wang et al. 2005). b. Input and output of the Yichjang–
Hankou reach of Yangtze River
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In terms of sediment budget concept, the annual
amount of sediment scour or ﬁll can be determined
as following the sediment deposition of the
Yichang–Wuhan reach = total sediment input – total
sediment output, minus total sediment output:
Sdep,Y-H= (Qs,Yichang+ Qs,Chenglingji + Qs,Huangzhuang)
– (Qs,3outfalls+ Qs,Hankou) (1)
where Sdep,Y-H is the sediment deposition of the
Yichang–Wuhan reach, Qs,Yichang is annual suspend-
ed sediment load at Yichang station, representing the
sediment input to the studied river reach from the up-
stream drainage basin of the upper Yangtze River.
Qs,Hankou is annual suspended sediment load at
Hankou station, representing the sediment load out-
put from the studied river reach. Qs,Chenglingji is an-
nual suspended sediment load at Chenglingji sta-
tion, representing sediment load from the Dongting
Lake to the Yangtze River. Qs,Huangzhuang is mean an-
nual suspended load at Huangzhuang station, repre-
senting the sediment inﬂow from the Hanjiang River
to the river reach. Qs,3outfalls is the sum of annual sus-
pended loads measured at the three outfalls, i.e.
Songzi, Taiping and Ouchi distributaries, represent-
ing the sediment load outﬂow from the Yangtze main
stem to the Dongting Lake (Fig. 1b). The unit for all
the variables is 104 tonnes/year.
As the conﬂuence between the Hanjiang and
Yangtze rivers is just above Hankou station, the sed-
iment load inﬂow from the Hanjiang River immedi-
ately ﬂows out of the studied river reach and there-
fore basically has no inﬂuence on sediment deposi-
tion in the studied river reach. Thus, for simplicity,
we introduce a supposed control point just above the
Hanjiang–Yangtze conﬂuence, which is called
Hankou# (Fig. 2b), as the end of the Yichang–Wu-
han reach. The sediment load from the Hanjiang
River may then be excluded when considering the
channel sediment deposition in the Yichang–Wuhan
reach. The sediment load at Hankou# can be calcu-
lated as the sediment load at Hankou station on the
Yangtze River minus that at Huangzhuang station
on the Hanjiang River. Thus, the equation of sedi-
ment balance may be rewritten as follows:
Sdep,Y-H# = (Qs,Yichang + Qs,Chenglingji) (2)
–  (Qs,3outfalls + Qs,Hankou#)




Qs,Hankou# = Qs,Hankou –Qs,Huangzhuang.
The annual sediment deposition of Yichang–
Hankou# river reach has been calculated using
Equation 2. All the data involved are from the rel-
evant hydrometric stations, as mentioned above. It
should be pointed out that the sediment budget es-
tablished in this study is only for suspended sedi-
ment load, with bed-load ignored, because bed-
load data are not available, as is the case for most
rivers in the world. The studied river reach has a
sandy bed material. According to some incomplete
measurements made at Yichang station, the ratio of
bed-load to suspended load is only 1–2% (Institute
of Geography, Chinese Academy of Sciences and
Yangtze River Institute of Water Conservancy and
Hydro-power Research 1985).
Regular hydrometric measurements of water
stage, discharge, suspended sediment concentra-
tion and grain size, and suspended sediment load
are conducted by the engineers and workers of the
relevant hydrometric stations, following national
standards issued by the Hydrological Bureau, Min-
istry of Water Conservancy and Electric Power
(e.g. 1962, 1975, 1992). Discharge is calculated us-
ing the velocity–area method based on daily veloc-
ity measurements at the cross-section. Cross-sec-
tion measurement of suspended sediment transport
rate is conducted more than 30 times a year. Each
time suspended sediment samples are taken at more
than 25 verticals, usually ﬁve or six points for each
vertical. Then the cross-section average suspended
sediment concentration (SSC) is calculated. Sin-
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ﬁve to seven times per day during ﬂoods. Using the
previously established relationship between cross-
section-averaged SSC and single-sample SSC, the
daily SSC single-sample is converted to daily cross-
section-averaged SSC. Daily suspended sediment
load (SSL) is calculated as daily water discharge
multiplied by daily SSC. Summing the daily SSL
gives the annual SSL.
After annual sediment deposition is determined,
it is further related to the variables of river ﬂow and
sediment load of the studied river reach using em-
pirical statistical approaches, to elucidate the re-
sponse of sediment deposition to the changing river
ﬂow and sediment load input.
The following indices are introduced to describe
the river ﬂow and sediment load inputs: (1) annual
river ﬂow (Qw,Yichang) and suspended load
(Qs,Yichang) at Yichang station; (2) annual ﬂow
(Qw,3outfalls) and suspended load (Qs,3outfalls) ﬂowing
to Dongting Lake through the three distributaries,
represented by the sum of river ﬂow or suspended
load at the stations on Songzi River, Hudu River,
Anxianghe and Ouchi Rivers (see Fig. 2b); (3) an-
nual river ﬂow (Qw,Chenglingji) and suspended load
(Qs,Chenglingji) at Chenglingji station, representing
the features of the water and sediment ﬂowing from
Dongting Lake to the Yangtze mainstem.
Variations in the components of channel 
sediment budget
As mentioned above, the channel sediment budget of
the Yichang–Hankou# reach includes four compo-
nents: inﬂow sediment at Yichang station (Qs,Yichang),
outﬂow sediment through the three outfalls
(Qs,3outfalls), inﬂow sediment from Dongting Lake
(Qs,Chenglingji) and outﬂow sediment at Hankou#. The
temporal variations in these four components have
been plotted in Fig. 3.
Figure 3a shows that the temporal variation in an-
nual suspended load at Yichang station may be di-
vided into two stages. From 1951 to 1984, although
Fig. 3. Temporal variations in four
components of the channel sedi-
ment budget of the Yichang–
Hankou# reach. Equations refer to
the indicated trend lines. (a) Inflow
sediment at Yichang station (Qs,
Yichang), outflow sediment through
the three outfalls (Qs, 3outfalls) and
inflow sediment from the
Dongting Lake (Qs, Chenglingji). (b)
Sediment outflow at Hankou#
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there were some ﬂuctuations, no overall trend can be
seen. However, from 1985 to 1997, a clear decreas-
ing trend appeared. This decreasing trend may be re-
lated to the implementation of soil and water conser-
vation measures and the building of large numbers of
reservoirs and checkdams since the 1980s, as a result
of which the sediment supply to the Yangtze River
has been reduced to some degree. Figure 3a also
shows a clear decreasing trend in annual outﬂow of
sediment (Qs,3outfalls, in 104 t/year) through the three
outfalls, as indicated by the regression equation.
The decrease in the diversion of sediment
through distributaries to Dongting Lake can be re-
lated to human impacts, especially to the man-
made bend neck-cutoffs in the lower Jingjiang Riv-
er in 1967 and 1969. The resultant strong scour
lowered the elevation of the river bed of the Yangtze
mainstem near the three outfalls, which means a
relative rise of the river bed of the distributaries. As
a result, less ﬂoodwater could ﬂow out of the main-
stem to Dongting Lake.
The annual sediment amount from Dongting
Lake to the Yangtze mainstem represented by the
sediment load at Chenglingji station is small (Fig.
3a), accounting for only 8.2% of the annual sedi-
ment load at Yichang station. The variation in an-
nual sediment load at Chenglingji station (Qs,Chen-
glingji, in 104 t/year) with time (T, in years) shows a
clear decreasing trend.
The temporal variation in the total net sediment
input to the studied river reach may be (expressed as)
Qs,Yichang + Qs,Chenglingji – Qs,3outfalls. The temporal var-
iation in the sediment output at the end of the studied
river reach, Hankou# (expressed as Qs,Hankou –
Qs,Huangzhuang), can be seen in Fig. 3b. The relation-
ship between the total net sediment input and the sed-
iment output of the studied river reach has been plot-
ted in Fig. 4a, which indicates a close positive corre-
lation. A comparison of the temporal variations in to-
tal net sediment input and the sediment output of the
studied river reach is given in Fig. 4b, which shows
clearly the scour and ﬁll in the reach on an annual ba-
Fig. 4. Relationship between the
total net sediment input (Qs,Yichang
– Qs,3outfalls + Qs,Chenlingji) and the
sediment output (Qs,Yichang –
Qs,Huangzhuang) of the studied river
reach (a) and their temporal varia-
tions (b)
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sis. The distance between each pair of points for each
year indicates the magnitude of ﬁll (if the point of
sediment input is higher) or scour (if the point of sed-
iment input is lower). Thus, it can be seen that from
1955 to the 1960s and 1970s, the ﬁll decreased. In the
early 1980s, the ﬁll became signiﬁcant, and then de-
clined.
The input of sediment for the studied river reach
is highly positively correlated with the output of
sediment, indicating that the studied river reach has
a function of ‘more input, more output’. The sum of
sediment input during the period from 1955 to 1997
was calculated as 1 898 465×104 t, and the total
sediment output was 1 646 628×104 t; thus, 13.3%
of the sediment input was deposited in the studied
river reach. The sedimentation mainly occurred in
the reach from Chengjingji to Hankou, and the
amount of sedimentation in the reach from Yichang
to Chenglingji was negligibly small, at least after
the scouring induced by bend neck-cutoffs in this
reach (Hydrological Bureau of the Changjiang Riv-
er Commission 2002a). Based on 1:10 000 river
channel maps surveyed in 1981 and 1998 for the
Chenglingji–Hankou reach, sediment deposition
was estimated by superposing the maps in 1998 on
those in 1981. The results show that 172 million m3
of sediment was deposited in the channel below
bankfull stage, and 473.6 million m3 on the ﬂood-
plain (Hydrological Bureau of the Changjiang Riv-
er Commission 2002b). Thus, only 36.3% of the
sediment was deposited in the channel below bank-
full stage. As a result, the river bed elevation of the
Chenglingji–Hankou reach rose to some degree,
and sediment bars enlarged.
Figure 3b shows that the sediment output
(Qs,Hankou#, in 104 t/year) of the Yichang–Hankou#
river reach increased with time (T, in years) to a
peak, followed by a decline. This variation can be
ﬁtted by a parabolic equation (see Fig. 3b).
The temporal variation in sediment deposition
(Sdep,Y-H#) in the Yichang–Hankou# river reach has
been plotted in Fig. 5, where a ﬁtted line of ﬁve-year
moving average is shown. It can be seen that from
1955 to 1976 a decreasing trend appeared, and from
1976 to 1981 a sharply increasing trend appeared.
Afterwards, the sediment deposition declined. From
1981 to 1984, sediment load at Yichang station was
high (see Fig. 3a). Thus, Sdep,Y-H# was also high. Af-
terwards, sediment input of the studied reach de-
creased, resulting in a decreasing tread in Sdep,Y-H#.
The period from 1955 to 1997 may be divided into
two subperiods, from 1955 to 1979 and from 1980 to
1997. The regression lines for all points and for those
in the period 1980–1997 are given respectively. For
all points, the correlation coefﬁcient is r = –0.3117,
signiﬁcant at a level of <0.05, indicating that the sed-
iment deposition rate has a mild overall decreasing
trend. The correlation coefﬁcient for the period
1980–1997 is r = –0.7689, much more signiﬁcant
than that for all points, indicating a strong decreasing
trend since 1980. This may be related to the decrease
in the net sediment input, especially with the de-
crease in the sediment load at Yichang station. It is
worth noting that the variation in the sediment dep-
osition in the period 1954–1979 is complicated and
the increase in the net sediment input and in
(Qs,Yichang – Qs,3outfalls+ Qs,Chenglingji), did not always
result in an increase in sediment deposition in the
studied river reach. It seems that this may be attrib-
uted to the strong channel adjustment following the
three bend neck-cutoffs that occurred in 1967, 1968
and 1972.
Fig. 5. Temporal variation in annu-
al sediment deposition in the
Yichang–Hankou# river reach
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Relationship between sediment deposition in 
the studied river reach and the river flow and 
sediment inputs
The annual sediment deposition (Sdep,Y-H#) in the
Yichang–Hankou# river reach has been plotted
against the annual sediment load at Yichang station
and the net sediment input (Qs,net) of the studied riv-
er reach expressed as the index (Qs,Yichang –
Qs,3outfalls + Qs,Chenlingji) in Fig. 6a and b respective-
ly. Although the points are scattered, the squared
correlation coefﬁcients for the above two plots are
r2 = 0.54 and r2 = 0.40, both much larger than the
critical squared regression coefﬁcient signiﬁcant at
level of <0.01, rc2 = 0.1546. As pointed out above,
due to the difference in sediment input and in chan-
nel adjustment, two periods, 1955–1979 and 1980–
1997, can be identiﬁed. Thus, the points in the two
periods are distinguished by different symbols.
Based on data from 1980 to 1997, a regression
equation between annual amount of sediment dep-
osition (Sdep, Y-H# in 104 t/year) in the Yichang–
Hankou# river reach and annual suspended load
(Qs,Ychang) at Yichang station has been established
as follows:
Sdep,Y-H# =0.2815Qs,Yichang – 8382 (r2=0.8716) (3)
If the left side of the equation is assumed equal to 0,
and the equation is solved, the solution gives
Qs,Yichang= 29 800 × 104t/year ≈ 3 × 108t/year. This
can be regarded as the threshold annual suspended
load at Yichang station, at which the Yichang–Hank-
ou# river reach may reach a non-ﬁll, non-scour state.
Apart from mean annual river ﬂow and suspended
load, ﬂood discharge also plays a role in determining
sediment deposition. The relationship between the
annual amount of sediment deposition and annual
maximum water discharge at Yichang station has
Fig. 6. (a) Annual amount of sedi-
ment deposition (Sdep,Y-H#) in the
Yichang–Hankou# river plotted
against the annual sediment load at
Yichang station (Qs,Yichang). (b) Net
sediment input (Qs,Yichang –
Qs,3outfalls + Qs,Chenlingji) of the stud-
ied river reach
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been plotted in Fig. 7, which shows a close positive
correlation. The squared correlation coefﬁcient is
r2 = 0.43, signiﬁcant at a level of <0.01. When the
points from the periods 1955–1979 and 1980–1997
are distinguished by different symbols, it can be seen
that the distribution of the points from the former pe-
riod is rather scattered, with the squared correlation
coefﬁcient r2 = 0.36; but for latter period, the distri-
bution is much more concentrated, with the squared
correlation coefﬁcient r2 = 0.64.
To establish the relationship between the annual
amount of sediment deposition (Sdep,Y-H#) in the
studied river reach and river ﬂow and sediment
load, a correlation matrix and a multiple regression
analysis has been performed. The variables of river
ﬂow and sediment load include annual river ﬂow
(Qw,Yichang), annual suspended load (Qs,Yichang) and
annual maximum water discharge (Qmax,Yichang)
and the ratio (Rw,div) of annual river ﬂow diverted
through the three outfalls to the annual river ﬂow at
Yichang station and the ratio (Rs,div) of annual sus-
pended load diverted through the three outfalls to
Fig. 7. Relationship between the
annual amount of sediment deposi-
tion (Sdep,Y-H#) and annual maxi-
mum water discharge at Yichang
station
Table 1. The correlation matrix among Sdep,Y-H# (in 104 t/year) and Qw,Yichang (in 108 m3/year), Qs,Yichang (in 104 t/year), Qmax,Yichang (m3/
s), Rw,div and Rs,div for 1955–1997 and two subperiods
Qw, Yichang Qs, Yichang Rs,div Rw,div Qmax, Yichang Sdep,Y-H#
1955–1997
Qw, Yichang 1.00 0.70 0.38 0.40 0.49 0.46
Qs,Yichang 0.70 1.00 0.46 0.53 0.71 0.74
Rs,div 0.38 0.46 1.00 0.97 0.33 0.40
Rw,div 0.40 0.53 0.97 1.00 0.33 0.45
Qmax, Yichang 0.49 0.71 0.33 0.33 1.00 0.66
Sdep,Y-H# 0.46 0.74 0.40 0.45 0.66 1.00
1955–1979
Qw, Yichang 1.00 0.73 0.40 0.53 0.65 0.68
Qs,Yichang 0.73 1.00 0.50 0.53 0.45 0.34
Rs,div 0.40 0.50 1.00 0.95 0.54 0.51
Rw,div 0.53 0.53 0.95 1.00 0.57 0.60
Qmax, Yichang 0.65 0.45 0.54 0.57 1.00 0.60
Sdep,Y-H# 0.68 0.34 0.51 0.60 0.60 1.00
1980–1997
Qw, Yichang 1.00 0.76 0.75 0.82 0.57 0.73
Qs,Yichang 0.76 1.00 0.89 0.86 0.81 0.93
Rs,div 0.75 0.89 1.00 0.97 0.68 0.86
Rw,div 0.82 0.86 0.97 1.00 0.66 0.86
Qmax, Yichang 0.57 0.81 0.68 0.66 1.00 0.80
Sdep,Y-H# 0.73 0.93 0.86 0.86 0.80 1.00
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Fig. 8. Comparison of the tem-
poral variations in the annual
sediment deposition amount
(Sdep,Y-H#) of the studied river
reach and the suspended load
at Yichang station (a), in
Sdep,Y-H# and the sediment in-
flow (Qs,3outfalls) through the
three outfalls (b), and in
Sdep,Yichang and the index (Qsi,
Yichang – Qs,3outfalls) (c)
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the annual suspended load at Yichang station. The
multiple regression equations are established for
the period 1955–1997 in general, and for the sub-
periods of 1955–1979 and 1980–1997 in particular.
As pointed out earlier, the channel conditions for
the periods 1955–1979 and 1980–1997 are differ-
ent. In the former period, strong adjustment was
underway following the three bend neck-cutoffs
that occurred in 1967, 1968 and 1972. As can be
seen from Fig. 5, after 1980, Sdep,Y-H# showed a
clear decreasing trend. Therefore, multiple regres-
sions were established for this subperiod.
The correlation matrix among Sdep,Y-H# and all
the inﬂuencing variables has been calculated for
the period 1955–1997, and the subperiods of 1955–
1979 and 1980–1997 (Table 1). The multiple re-
gression equations have been established for the
period 1955–1997, and the subperiods of 1955–
1979 and 1980–1997, respectively (see Table 2).
Comparison of the effects of the sediment load 
from upper Yangtze River and the sediment 
outflow through the ‘three outfalls’ on the 
sediment deposition in the studied river reach
Figure 8a shows that the variations in Qs,Yichang and
in Sdep,Y-H# are synchronized, especially the trends
of the ﬁve-year moving average. The trends of the
ﬁve-year moving averages of Qs,3outfalls and Sdep,Y-H#
have reverse phases, like a pair of mirror images.
For a better comparison, the Sdep,Y-H# has been con-
verted to negative values, meaning sediment ‘input’
(Qsi,3outfalls) from the three outfalls. Then, the tem-
poral variations in Sdep,Y-H# and Qsi,3outfalls are shown
in Fig. 8b, which indicates a synchronized trend.
Figure 8c shows that for the period after 1970, the
index (Qs,Yichang – Qs,3outfalls) varies synchronously
with Sdep,Y-H#, but for the period before 1970, such
trends are very weak.
Although the variations in Qs,Yichang and in Sdep,Y-
H# are synchronized (see Fig. 8a), the distance be-
tween the two ﬁve-year moving average curves var-
ied with time. In 1961 the sediment deposition curve
crosses the sediment inﬂow curve; afterwards the
distance between the two curves increased till 1979,
and then decreased. This means that, compared with
the variation in Qs,Yichang, Sdep,Y-H# decreased before
1979; and after 1979, Sdep,Y-H# increased. Figure 8b
shows that the distance between the two ﬁve-year
moving average curves was small from 1955 to
1961, but increased sharply till 1970, and then de-
creased. After 1985, the distance became very small.
This means that, compared with the variation in the
sediment outﬂow (Qs,3outfalls) through distributaries,
Sdep,Y-H# decreased before 1979, but after 1979 it in-
creased. This fact provides some proof to assess the
effect of bend cutoffs on sediment transport and dep-
osition in the river channel. After the cutoffs, the gra-
dient of the channel increased, which enhanced the
river’s sediment-carrying capability. As a result, the
channel was deepened, and Sdep,Y-H# decreased. Fur-
thermore, when the channel deepening had proceed-
ed upstream to the entrance of the outfalls to reduce
the sediment outﬂow to the distributaries, the sedi-
ment load in the main stem increased. This may in-
crease Sdep, Y-H# compared with the variation in
Qs,Yichang. However, the increased sediment deposi-
tion may raise the bed, and then Qs,3outfalls may in-
crease again, which may in turn result in further var-
iation in Sdep,Y-H#, and makes the course of adjust-
ment complicated. It can be seen from Fig. 8b that
Qs,3outfalls declined sharply from 1968 to 1979. This
fact may be regarded as a result of bend cutoffs that
occurred in 1967, 1969 and 1972.
The correlation coefﬁcient between Sdep, Y-H# and
Qs, Yichang is 0.74, but the correlation coefﬁcient be-
tween Sdep, Y-H# and sediment load ‘input’ (Qsi,
3outfalls) from the three outfalls is –0.40. Hence, the
sediment load from the upstream drainage basin
has a larger effect on the sediment deposition in the
studied river reach than does the sediment diverted
through the distributaries. To further determine the
contribution of the two sediment factors on Sdep,Y-
H#, multiple regression equations have been estab-
Table 2. Results of multiple regression (R is multiple correlation coefficient, F is the result of the F-test, p is the probability of signi-
ficance, and SE is the standard error of estimate)
Period Multiple regression equation R F p SE
1955–1997 Sdep,Y-H= –11966–1.179Qw,Yichang+ 0.2256Qs,Yichang
–9983Rs,div+ 20271Rw,div+ 0.1772Qmax,Yichang 0.772 10.91 1.68 ×10–6 3258
1955–1979 Sdep,Y-H= –5553–5.952Qw,Yichang+ 0.4740Qs,Yichang
+14300Rs,div+16578Rw,div + 0.05806Qmax,Yichang 0.808 7.14 0.00065 3569
1980–1997 Sdep,Y-H= – 4341–1.846Qw,Yichang+ 0.2548Qs,Yichang
–86499Rs,div+119891Rw,div + 0.04350Qmax,Yichang 0.952 22.97 9.25 ×10–6 1473
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lished between Sdep,Y-H# and Qs,Yichang and Qsi,3outfalls
for the periods 1955–1997 and 1980–1997, and for
the original data and the data standardized to the
range of (0,1) (Table 3). After the data standardiza-
tion the regression coefﬁcients can be used to re-
ﬂect the contribution of the two inﬂuencing varia-
bles to Sdep,Y-H#.  Assuming that the contributions of
the inﬂuencing variables are in proportion to the ab-
solute values of the regression coefﬁcient and let-
ting the total variation in Sdep,Y-H# be 1.0, the con-
tributions of Qs,Yichang and Qsi,3outfalls to Sdep,Y-H# can
be estimated. It can be seen from Table 3 that, for
the period 1955–1979, the relative contributions of
Qs,Yichang and Qsi,3outfalls to the variation in Sdep,Y-H#
are 79.90% and 20.10% respectively; for the period
1980–1997, the relative contributions of Qs,Yichang
and Qs,3outfalls to the variation in Sdep,Y-H# are
51.43% and 48.54% respectively. The difference
between the two series is signiﬁcant; in the period
1980–1997, the relative contribution of Qsi,3outfalls
became much larger.
Conclusions
The use of channel sediment budget opens a way to
obtain data for the study of river response to envi-
ronmental changes. The amount of sediment dep-
osition at river-reach scales can be calculated using
data of sediment loads collected from hydrometric
stations controlling the ﬂow and sediment input
and output of the given river reach.
The sediment deposition amount of the Yichang–
Wuhan reach has been determined using the concept
of sediment budget at channel-reach scale, based on
which the ﬁll–scour process of the middle Yangtze
River has been studied in response to the sediment
load and ﬂow inputs. The results show that the stud-
ied river reach has a function of ‘more input, more
output’, and that on average, 13.3% of the net input
sediment is deposited in the studied river reach.
Since 1956, the output sediment load of the studied
reach increased with time to 1981, followed by a de-
cline. The increase in output before 1981 can be re-
lated to the man-made bend neck-cutoff which
caused a decrease in the sediment load diverted
through the three outfalls and increased the sedi-
ment-carrying capacity of the river. Thereby, the riv-
er could transport more sediment to the outlet of the
studied river reach. The decrease in the sediment
load output after 1984 was directly due to the de-
creased sediment load at Yichang station. A regres-
sion equation between annual amount of sediment
deposition in the Yichang–Hhankou river reach and
annual suspended load at Yichang station has been
established; for this the critical suspended sediment
load at Yichang station was determined to be 3×108t/
year, at which value the Yichang-Hankou river reach
might be in a non-ﬁll, non-scour state.
Multiple regression equations have been estab-
lished to assess the contributions of inﬂuencing
factors to the variation in sediment deposition in the
studied river reach.
Acknowledgements
The ﬁnancial support from the National Major Ba-
sic Research Program of China (grant number:
2003CB415202) and from the National Natural
Science Foundation of China (grant number:
40671019) is gratefully acknowledged. All hydro-
metrical data used in this study come from the
Changjiang River Basin Water Resources Commis-
sion. I wish to express my deep gratitude to all
workers at the gauging stations, whose hard work
made this study possible, and to the two reviewers,
for valuable suggestions and comments.
Jiongxin Xu, Institute of Geographical Sciences
and Natural Resources Research, Chinese Acade-
my of Sciences; Key Laboratory of Water Cycle and
Related Land Surface Processes, Chinese Academy
of Sciences, Beijing 100101, China.
E-mail: xujx@igsnrr.ac.cn
Table 3. Regression equations between Sdep, Y-H# and Qs, Yichang and Qsi, 3outfalls, for the periods 1955–1997 and 1980–1997 (symbols are
explained in text). N is the number of samples
Contribution Contribution
 from  from
Period Multiple regression equation N R F SE Qs,Yichang% Qsi,3outfalls%
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